INTRODUCTION
============

Since 1995, when the genome of a cellular organism was completely sequenced for the first time, genome sequencing has transformed the biological sciences. Today, in excess of 1000 genomes have been sequenced, assembled, annotated and deposited in the public nucleotide archives; numerous other genomes exist in states of partial assembly and annotation; thousands of viral genomes sequences have also been generated. Moreover, the increasing use of high-throughput sequencing technologies is rapidly reducing the cost of genome sequencing, leading to an accelerating rate of data production. This not only makes it likely that in the near future, the genomes of all species of scientific interest will be sequenced; but also the genomes of many individuals, with the possibility of providing accurate and sophisticated annotation through the similarly low-cost application of functional assays. Many of these trends have first become visible in human genomics, but are spreading to other species as costs continue to fall. For example, the 1000 genomes project (to sequence 1000 human genomes) has quickly been followed by the launch of similar initiatives in *Arabidopsis* ([@B1]), *Plasmodium* (<http://www.genome.gov/26523588>), *Drosophila* (<http://www.dpgp.org>), and other species.

These developments place particular demands on biological databases, but also represent an opportunity. The European Bioinformatics Institute (EBI) is involved (together with our collaborators) in the operation of a number of archival databases, e.g. the European Nucleotide Archive (ENA) ([@B2]), ArrayExpress ([@B3]) (for gene expression data), PRIDE ([@B4]) (for proteomics data) etc. Such databases remain essential as a permanent record of experimental effort, and are under continuous development to accommodate data produced by new technologies. The UniProt Knowledgebase (UniProtKB) ([@B5]), in contrast, uses information curated from the scientific literature to describe proteins, which can subsequently serve as reference data for systems designed to automatically transfer annotation to similar, less well-characterised sequences. However, such computed annotation is best recalculated periodically as algorithms are refined and the quantity and quality of reference data increases. Moreover, the interpretation of potentially huge raw data sets as integrated features (e.g. a gene 'built' from transcriptional evidence) is a necessity if users are not to drown in an excess of information. This calls for a different type of resource i.e. derived and interpreted, complementing the archival and literature-based resources.

The structure of a genome provides a natural index through which data from other molecular biology experiments can be accessed. The Ensembl ([@B6]) platform for genome annotation and visualisation has been under development by the EBI and the Wellcome Trust Sanger Institute since 2000, with an initial focus on the human genome that has since widened to include other vertebrates. This paper describes 'Ensembl Genomes', a new resource recently launched by the EBI to complement Ensembl by providing access to genome-scale data from non-vertebrate species through the same user interfaces as Ensembl. There are two big advantages of this approach. First, the Ensembl software system has evolved in response to new data types that have frequently first appeared in human genomic studies, but which are now increasingly appearing in the context of other species; its re-use provides a cost-effective way of providing sophisticated data analysis and visualisation tools for a wider range of genomes. Secondly, the use of a common system for all genomes greatly decreases the cost of broad range comparative genomics and other inter-species data analysis. For example, since the launch of Ensembl Genomes, data from malarial parasites (genus *Plasmodium*, available through Ensembl Protists), the malarial vector (*Anopheles gambiae*, available through Ensembl Metazoa), and the human host (in Ensembl) can now be accessed through a common set of interfaces.

With Ensembl Genomes, we aim to provide an integrated portal to reference sequence and annotation from all species of scientific interest; and thereby to complement, and provide convenient access to, data from existing and novel community initiatives in particular areas. Many of the databases that support Ensembl Genomes have been built by, or in close collaboration with, groups who maintain specialist data resources for individual species, and we are actively seeking to extend the range of these collaborations. The development of accurate and useful genome databases is wholly dependent on the involvement of scientists with knowledge of the most important data and its biological context. Ensembl Genomes can support such expertise through the provision of a data analysis and service infrastructure, close integration with the archival databases, and a single unified interface across the taxonomic space.

Ensembl is not the only browser for genome data. For example, Gbrowse ([@B7]) can be run off a simple flat file, and is used by a variety of databases maintained by groups ranging from small research communities to genome sequencing centres; the UCSC Genome Browser Database ([@B8]) supports a similar range of invertebrate metazoan genomes to Ensembl Genomes; the NCBI ([@B9]) maintains a number of tools for genome browsing with comprehensive coverage across the taxonomic spectrum. Comparative strengths of the Ensembl platform include the variety of available interfaces and the relatively sophisticated representation of complex data (both in the database and in the interfaces), close integration with the international archive databases and, with the launch of Ensembl Genomes, breadth of taxonomic spread. Moreover, Ensembl is not just a data visualisation tool, but a suite of programs for data production (e.g. gene calling, comparative genomics) that can be deployed individually according to the needs of an individual community. We are looking forward to working with increasing numbers of collaborators to improve not only access to genome annotation, but the quality and depth of the annotation itself.

OVERVIEW OF ENSEMBL GENOMES
===========================

Ensembl Genomes (<http://www.ensemblgenomes.org>) consists of separate portals for each of five distinct domains of life: bacteria, protists, fungi, plants, and invertebrate metazoa. Each site contains data for selected species from within their domain, chosen for their scientific interest. Information is available about each species, including the assembly version and annotation methods used, the overall composition of the genome, etc. These have been customised for the species in Ensembl Genomes; for example, in Ensembl Bacteria, a circular view of the genome is provided, and the top-level pages have been designed to provide structured access to the large numbers of similar strains that have been sequenced in many clades. The main functionality offered by the portals is access to a graphical view of each genome, using the Ensembl genome browser software. The browser offers a number of views of locations in the genome, genes, and specific transcripts; tabs at the top of the page allow users to switch between these different levels, while a context-dependent left hand menu offers access to a selection of data views specific to each. The main display then appears in the central panel. Users can integrate their own analyses into appropriate displays by using the Distributed Annotated System ([@B10]) (DAS). Specific views exist for expression data, SNPs and other polymorphisms, and comparative genomics. With each new data release, the browser software is updated to a recent version, ensuring that a consistent user experience is provided between Ensembl and Ensembl Genomes. Release frequency is four to six times a year, tied to Ensembl releases where practical. Use of the browser is illustrated in [Figure 1](#F1){ref-type="fig"}. Figure 1.Some views of Ensembl Genomes (**a**) the homepage (**b**) graphical karyotype view for *Anopheles gambiae*, using the same representation as found in vertebrate Ensembl (**c**) the equivalent view for a bacterial genome, showing an alternative representation more suitable for circular chromosomes and plasmids. This view has been produced using the program circular_diagram.pl, (ftp://ftp.sanger.ac.uk/pub/software/artemis/extra/circular_diagram.pl), which has been incorporated into the Ensembl browser (**d**) location view for a region of the left arm of chromosome 2 of *A. gambiae*, annotated by VectorBase. The image illustrates gene and (at a larger scale) transcript-based views. The views are track based, with features of particular types located in their own horizontal bands (which can be turned on or off using a control panel). On the lower panel, a single track (labelled 'RNA best EST support') provides the evidence for the transcript, which appears in a second track labelled 'VectorBase gene'. A variety of alternative location-based views can be selected in the left hand column; the tabs (at the base of the banner) allow users to switch between location, gene and transcript-centric views.

In addition, Ensembl Genomes data is available through a number other routes. These include (i) query optimised data warehouses \[built using the BioMart data warehousing system ([@B11])\] that can be accessed through a variety of interfaces including SOAP-based and RESTful web services (ii) a publicly accessible relational database server offering direct access to all Ensembl Genomes databases and which supports a Applications Programming Interface (API) for the Perl programming language (iii) an FTP site where data can be downloaded in bulk. DNA and protein sequence similarity search is provided using BLAST ([@B12]). The URLs by which these services can be accessed are shown in [Table 1](#T1){ref-type="table"}. These routes of access match those available for vertebrate data in Ensembl; all data is available for re-use without restriction. As Ensembl software is also freely distributed, users can also establish their own local mirrors, and view confidential data in the context of the public reference. Table 1.URLs for accessing Ensembl and Ensembl GenomesEnsembl (vertebrates)<http://www.ensembl.org>Ensembl Genomes<http://www.ensemblgenomes.org>    Public mysql servermysql -hmysql.ebi.ac.uk -P4157 -uanonymousEnsembl Bacteria    Web browser<http://bacteria.ensembl.org>    FTPftp://ftp.ensemblgenomes.org/pub/bacteria/    BioMart<http://bacteria.ensembl.org/biomart>Ensembl Protists    Web browser<http://protists.ensembl.org>    FTPftp://ftp.ensemblgenomes.org/pub/protists/    BioMart<http://protsits.ensembl.org/biomart>Ensembl Fungi    Web browser<http://fungi.ensembl.org>    FTPftp://ftp.ensemblgenomes.org/pub/fungi/    BioMart<http://fungi.ensembl.org/biomart>Ensembl Plants    Web browser<http://plants.ensembl.org>    FTPftp://ftp.ensemblgenomes.org/pub/plants/    BioMart<http://plants.ensembl.org/biomart>Ensembl Metazoa    Web browser<http://metazoa.ensembl.org>    FTPftp://ftp.ensemblgenomes.org/pub/metazoa/    BioMart<http://metazoa.ensembl.org/biomart>[^1]

These various interfaces are supported by a number of relational (MySQL) database schemas; a core database (describing sequence, features and stable identifiers) and optional additional databases for certain types of satellite data. Generally, one database of each type is provided for each genome; however, comparative genomics databases can cover many species. Additionally, with the launch of Ensembl Bacteria, the Ensembl schema and API has been transparently extended to support the storage of multiple genomes in a single database schema; this is used to collect multiple (small) genomes of closely related species/strains into a single database, allowing the management of data for large numbers of genomes without an explosion in the total number of databases.

DATA IN ENSEMBL GENOMES
=======================

Ensembl Genomes has a varied relationship with the scientific community in the preparation of the databases that appear in the portal. In the case of some genomes, EBI staff have been active participants in their primary annotation. In other cases, we work actively with collaborators to build Ensembl databases. In other cases, we import canonical data from a generally-acknowledged authority for a given species and transform this into an Ensembl schema. For some species, there is no community authority actively curating annotations; in these cases, data may be imported from the records previously submitted to the ENA/GenBank/DDBJ public nucleotide archives by the sequencing consortium, supplemented by protein centric functional annotation imported from the UniProtKB.

Imported data typically includes DNA sequence and gene annotations; the quantity of depth of annotation varies with the species and source. Additional computed annotations (e.g. non-protein coding genes, repeat features, cross references, functional annotation inferred directly from sequence, and data from genome-wide functional assays) are selectively integrated with the imported data prior to release.

The specific content of the databases (as of release 2, August 2009) is described below.

Ensembl Bacteria
----------------

Ensembl Bacteria contains databases for six bacterial clades (*Bacillus*, *Escherichia*/*Shigella*, *Mycobacterium*, *Neisseria*, *Streptococcus* and *Staphylococcus*), and one archaeal clade (*Pyrococcus*), using records in the ENA/GenBank/DDBJ nucleotide sequence archives as the primary source of sequence and annotation. Each database contains many closely related genome sequences, ranging from four genomes in the *Pyrococcus* and *Neisseria* clades to 35 *Streptococcus* genomes. A total of 144 genome sequences are present in the database. The database structure is hidden from users of the genome browser, who are able to visualise each genome as if it were in a separate Ensembl database. Information about operons and co-transcribed units for *Escherichia coli* has been imported from Regulon DB ([@B13]).

Ensembl Protists
----------------

Ensembl Protists comprises databases for three malarial parasites. Data for *Plasmodium falciparum*, the primary species causing malaria in humans, has been imported from PlasmoDB ([@B14]), a database which integrates information from plasmodial genomes; databases from two other species (*P. vivax* and *P. knowlesi*) have been built from sequence and annotation in the ENA/GenBank/DDBJ nucleotide sequence archives.

Ensembl Fungi
-------------

Ensembl Fungi contains data for the budding yeast, *Saccharomyces cerevisiae*, the fission yeast *Schizosaccharomyces pombe*, and seven species of the genus *Aspergillus*. For *S. cerevisiae*, data has been imported from the Saccharomyces Genome Database ([@B15]) (SGD), based on SGD's release of June 2009 and integrated with gene expression data from ArrayExpress and information from a recent survey of polymorphism ([@B16]). The *S. pombe* data is imported from GeneDB ([@B17]). The *Aspergillus* databases have been developed in partnership with the Central Aspergillus Data Repository ([@B18]), which already uses Ensembl technology for the management and visualisation of data.

Ensembl Plants
--------------

Ensembl Plants is being developed in collaboration with Gramene ([@B19]), a resource for plant comparative genomics already developed (at the Cold Spring Harbor Laboratory) using the Ensembl infrastructure. Ensembl Genomes and Gramene have commited to maintaining a common set of databases to be accessible via both sites; the initial release, is based on Gramene release 30. The initial release of Ensembl Plants includes the two genomes of four dicotylendons: *Vitis vinifera*, *Populus trichocarpa*, and two species of *Arabidopsis*; and four montocyledons:, *Oryza sativa* groups *indica and japonica*, *Brachypodium distachyon*, and *Sorghum bicolor*. Variation databases have been provided for three species: *A. thaliana*, *O. sativa*, and *Vitis vinifera*. The *A. thaliana* data is based on the TAIR9 assembly and is comprised of three data sets: the Perlegen 1 Million SNP set ([@B20]), the Affymetrix 250k SNP chip set (which is derived from Perlegen), and SNPs and indels derived from the resequencing of 17 accessions by Mott (University of Oxford) and Kover (University of Manchester). The grape data is based on the IGGP assembly and is comprised of a single data set, created from the re-sequencing of 11 *V. vinifera* cultivars and 6 wild *Vitis* species by Buckler and Ware (USDA ARS). The rice database is assembled using data imported from dbSNP ([@B21]). Gene and protein-based comparative analysis is also available.

Ensembl Metazoa
---------------

Ensembl Metazoa is built primarily from data maintained by three community-based genomics resources for different types of invertebrate metazoa: FlyBase ([@B22]) (focused on *Drosophila*); WormBase ([@B23]) (focused on *Caenhorhaditis elegans* and related nematodes) and VectorBase ([@B24]) (a NAIAD resource for invertebrate vectors of human pathogens). WormBase and VectorBase actively contribute to Ensembl Metazoa by building Ensembl databases themselves. The current release contains four vector genomes (*Aedes aegytpii*, *Anopheles gambiae*, *Culex quinquefasciatus* and *Ixodes scapularis*), five genomes of the *Caenhorhabditis* genus (including a new build of the *C. elegans* genome, based on WormBase release WS200), and 12 *Drosophila* genomes (including a new build of *D. melanogaster)* based on FlyBase release 2008_10). A variation database for *A. gambiae* is already available and a similar resource for *D. melanogaster*, based on data from the Drosophila Population Genome Project, is in development. Other species targeted for inclusion within the next 6 months include *Pediculus humanus*, *Apis mellifera*, *Bombyx mori*, *Tribolium castaneum* and *Acyrthosiphon pisum.*

COMPARATIVE GENOMICS
====================

In each of the Ensembl Genomes sectors, comparative analysis is provided using the Ensembl Compara pipeline previously applied to vertebrate genomes and their outliers in Ensembl. Compara consists of two primary modules, one for DNA alignment ([@B25]) and one for protein alignment ([@B26]). The DNA alignment module uses a graph-based approach (Enredo) for identifying duplicated regions and specifying the input for Pecan, a high-performance multiple aligner; a third module, Ortheus, calculates ancestral sequences. The protein alignment module involves an all-against-all BLAST comparison, the derivation of clusters, and the interpretation of evolutionary trees for each cluster of related genes in the context of the known species tree, leading to the identification of gene duplication and speciation events. A typical gene tree is illustrated in [Figure 2](#F2){ref-type="fig"}. Figure 2.The gene tree for valine, isoleucine and leucine synthetase, computed by the application of the Compara gene trees pipeline to 29 species from across the taxonomy. The branches for valine and isoleucine synthetase have been collapsed. An alignment is shown to the right of the tree.

The protein-based approach is applicable over a wide taxonomic scope and a pan-taxonomic database has also been produced, using a selection of species from across the Ensembl and Ensembl Genomes domains. The most recent analysis has been built using 357 332 genes from 29 species, including 12 vertebrates, 3 invertebrate metazoa, 2 plants, 2 fungi, 2 protists, 7 bacteria and 1 archaeon. A total of 26,081 clusters were generated, of which 25% (containing 62% of the genes) span 2 or more domains, 6% (14% of genes) span eukaryotic and non-eukaryotic species, and 1.6% (7% of genes) span all Ensembl domains. The average number of genes per cluster is 14 (from an average of 6 species), rising to 33 (from 14 species) for clusters spanning at least 2 domains, and 57 (from 24 species) from clusters spanning the entire taxonomy. New Compara databases are produced for each domain of Ensembl Genomes with each release, and the resulting alignments and trees can be visualised in the web browser and downloaded via FTP.

FUTURE PLANS
============

The Ensembl browser is a powerful tool for genome analysis and visualisation, but it was conceived with a relatively small number of vertebrate genomes in mind. In particular, work is underway to improve the interface specifically to address certain issues raised in the context of bacterial genomes, whose characteristics are in some ways markedly different to those of vertebrates. Features in development include improved visualisation for circular genomes and polycistronic transcripts (features of specific to bacterial genomes), and the introduction of improved interfaces for selection from large numbers of species when specifying the domain for search. We are also working on building the recognition of potential horizontal gene transfer events into the Compara pipeline for the interpretation of gene trees; and in representing the genomes of independently sequenced, but highly similar, isolates more efficiently and usefully as variants on a single reference sequence, instead of as independent reference genomes (the current default implementation).

Comparative genomics is an area where additional developments are planned. Together with Ensembl, we are working on changes to the Compara pipeline to improve the integration of broad and narrow scope comparative analysis, linking the pan-taxonomic Compara database to clade-specific databases, through the use of a common set of predictive models to identify the cluster members. We have also identified over 30 additional species (17 bacteria, 4 archaea, 6 protists, 2 fungi and 5 metazoan) as priorities for incorporation within Ensembl Genomes, for the purpose of improving the sampling of the major domains of life; and are working with other groups interested in comparative analysis to help establish a reference set of species for comparative analysis.

However, as the cost of sequencing a genome continues to fall, it is not realistic to expect that every species will be the focus of dedicated bioinformatic effort, simply because its genome has been sequenced. Instead, our main focus will be on improving the quality and depth of annotation in species of scientific interest, in partnership with communities who understand how genomics can help them address scientific problems, what data is most important to their work, and where there is most scope for (and value in) improvement in the existing annotation. We will continue to be interested on human pathogens and vectors: new areas of focus are likely to include plant pathogens, and important cereal crops whose genomes will start to be deciphered within the next two years.
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[^1]: All BioMarts are additionally available through BioMart central at <http://www.biomart.org/biomart/martview/>.
